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ABSTRACT 
 
The INSIGHT project combines cognitive training with high-definition 
transcranial direct current stimulation (HD-tDCS) with the goal of enhancing fluid 
intelligence (Gf) and adaptive problem solving in healthy adults. 129 young to middle-
aged subjects completed 20 1hr cognitive training sessions with a videogame called Mind 
Frontiers while receiving HD-tDCS. Mind Frontiers was developed for the INISGHT 
project and comprised six adaptively difficult cognitive training tasks. HD-tDCS was 
applied for 30 minutes (active) or 30 seconds (sham) at 2.0 mA at the start of each 
training session, with anodes placed bilaterally over the prefrontal cortex. Before and 
after cognitive training, participants completed a battery of tasks to assess Gf, executive 
function, working memory, and episodic memory. Participants who received active tDCS 
showed improved performance on the Mind Frontiers games compared to those who 
received sham. Transfer to untrained tasks, however, was unaffected; no comparable 
improvements in transfer from pre- to post-training were observed. Such results provide 
strong evidence that tDCS can enhance cognitive training performance but no evidence 
for enhanced transfer of learned skills to untrained tasks. When individual differences 
were examined, Gf was found to be an effective predictor of trained task improvement 
and age moderated the beneficial effect of HD-tDCS on training performance, with 
younger subjects benefitting more than old. An alternative explanation of the results, an 
acute effect of tDCS on vigilance decrement, was evaluated but evidence was insufficient 
to draw firm conclusions. To summarize, tDCS appears to be more effective at enhancing 
performance of specific skills than improving general cognitive abilities, and this effect is 
stronger in younger adults.
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Chapter 1: Introduction 
 Is it possible to enhance cognitive training by artificially modulating brain activity? 
At its heart, learning is the process of establishing and refining patterns of neuronal 
activity (1–3). The old Hebbian aphorism ‘Neurons that fire together wire together’ aptly 
sums up the lessons learned from the study of brain plasticity: experience changes the 
brain, and it is changing all the time (4,5). Transcranial direct current stimulation (tDCS) 
modulates neuronal firing rates (6), which improves performance when task-relevant 
regions are stimulated (7,8). It remains to be seen, however, if improved trained task 
performance leads to improved transfer to related skills. The cognitive training literature 
suggests that transfer from one learned skill to another relies on shared cognitive 
demands and brain regions (9–13). While tDCS reliably enhances performance of 
specific tasks (for a review, see 14), the few tDCS studies that have investigated transfer 
report conflicting results (15,16).  
 The INSIGHT (an integrative system for enhancing fluid intelligence through 
human cognitive, physical fitness, HD-tDCS, and nutritional intervention) project 
represents the biggest tDCS study to date, and it provides a unique opportunity to clear up 
some of the confusion surrounding tDCS and transfer. My dissertation investigates the 
extent to which modulating brain activity with tDCS enhances learning and whether 
enhancing performance on a trained task influences transfer to untrained tasks. I examine 
the potential role of individual differences in predicting tDCS outcomes is also examined, 
as well as a possible explanation of the behavioral benefits of tDCS in terms of vigilance 
decrement. Investigating these issues sheds light on the nature of transfer and the 
potential of using tDCS to enhance cognitive training. 
 
Cognitive Training 
 In recent years there has been a surge of interest in so-called “brain-training” 
games. Revenues of this growing industry reached $1 billion in 2012, and Lumosity (the 
most widely used brain-training game) has over 50 million members (17). But do brain-
training games really work? These games are based on the assumption that practicing a 
skill transfers to other, unpracticed skills. When we train on a working memory task, we 
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expect to improve on the trained task: after all, practice makes perfect. Improvement on 
the trained task, however, is not the end goal of cognitive training. What we truly want is 
for cognitive training to improve performance on related cognitive skills in the real 
world. This leap from trained task to real-world cognition, however, is difficult to make 
and evidence for it is mixed at best (18–26). 
 There exist many successful demonstrations of transfer in the cognitive training 
literature using both video game training (18,19) and more conventional training with 
cognitive tasks (10,20,21). Taken together, evidence from the cognitive training field 
suggests that extended training on a particular task tends to improve closely related tasks 
that rely on similar cognitive demands. For every successful demonstration of transfer, 
however, there is a failure to replicate existing results (13,22,23) or show transfer where 
expected (24,25). Methodological issues in cognitive training studies further compound 
the problem, as many studies disregard the role of individual differences (27,28) or fail to 
analyze transfer at the latent construct level (11). With such questionable methods and 
inconsistent results, questioning the validity of transfer is appropriate. In 2014, the 
Stanford Center on Longevity assembled a group of 70 respected researchers in the field 
of cognitive training and released a Consensus on the Brain Training Industry from the 
Scientific Community, which concluded “there is little evidence that playing brain games 
improves underlying broad cognitive abilities, or that it enables one to better navigate a 
complex realm of everyday life” (29). Such a claim aptly summarizes a newfound 
popular skepticism of the brain-training industry.  
 
Fluid Intelligence 
Fluid intelligence (Gf) can be broadly defined as the ability to solve novel 
problems and reason abstractly (30). Gf comprises many different cognitive abilities such 
as memory, integrating stored knowledge, and making inferences about new information; 
it shares variance with several different cognitive abilities, and it most closely 
corresponds with executive function (EF) (31). Gf is closely tied to working memory 
(WM) (32–34), and many studies employ working memory training to attempt to enhance 
Gf  (20,23,35), though task-switching training (21) has been used as well (for a review, 
see 15). Gf is a high-level cognitive concept involving many different brain regions, but it 
3	
has firm roots in the dorsolateral prefrontal cortex (DLPFC). Subjects with DLPFC 
lesions consistently score lower on tests of general intelligence than those without lesions 
(31,37), suggesting the importance of the DLPFC as a hub for intelligence. The same 
study uncovered both shared and distinct regions for executive function and general 
intelligence, suggesting that these two cognitive constructs are similar but unique.  
The concept of Gf is closely related to Spearman’s G, a factor thought to underlie 
general cognitive ability (38). Fluid intelligence can be contrasted with crystallized 
intelligence, which is the explicit knowledge we accumulate through experience. 
Crystallized intelligence is plainly malleable (e.g., Riga is the capital of Latvia), but the 
question of whether it is possible to modify Gf through experience is a controversial one. 
Transfer to Gf is viewed as the holy grail of cognitive training because Gf is a 
fundamental cognitive ability that strongly predicts educational and professional success 
(39,40), as well as performance across a wide range of cognitive tasks (41). It is believed 
that improving Gf with cognitive training has the potential to lead to broad cognitive 
improvement and even real-world benefits. Unfortunately, improving human intelligence 
has proved to be precisely as difficult as it sounds, and attempts to do so have met with 
limited success (36). 
 
Transcranial Direct Current Stimulation 
 Modulating brain activity provides a way to influence performance during cognitive 
training. Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation 
technique that uses small amounts of electric current to modulate cortical excitability of 
stimulated regions (7,42,14). tDCS involves running current between anodal and cathodal 
electrodes, which increases neuronal firing rates at the anodal site and decreases them at 
the cathodal site (6,43,44). Administering anodal (excitatory) tDCS to functionally 
relevant cortical regions while completing cognitive tasks has been shown to enhance 
task performance in both single sessions (for a review, see 14) and across multiple 
training sessions (8,45–48). The most common finding in the tDCS literature is enhanced 
performance following anodal stimulation and impaired or unchanged following cathodal 
stimulation, though such effects are only found when functionally relevant regions are 
targeted (49). 
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 In addition to enhancing on-line task performance, there is mixed evidence 
suggesting tDCS enhances transfer (29). Andrews et al. (16) had subjects complete a 
single session of the n-back working memory task while receiving anodal tDCS to the left 
dorsolateral prefrontal cortex (LDLPFC) and found that anodal stimulation during the n-
back improved subsequent performance on the digit span forward test of working 
memory. Martin et al. (15), however, had subjects complete 10 sessions of dual n-back 
training while receiving anodal tDCS to the LDLPFC and found no effect of anodal tDCS 
on transfer to digit span compared to a sham control condition. A recent study similarly 
failed to find any evidence of enhanced transfer of tDCS compared to sham after 10 
sessions of adaptive working memory training, despite a difference in trained task 
performance (51). Clearly, the effect of tDCS on transfer of cognitive training remains 
unclear.  
 
The INSIGHT Project 
INSIGHT explored the benefits of cognitive training, physical exercise, and brain 
stimulation on cognitive performance. In this study, a rigorous physical fitness 
intervention was interleaved with the cognitive training sessions, making this the first 
project to combine HD-tDCS, cognitive training, and exercise interventions. Our 
multiple-modality approach was motivated by the strong relation between exercise and 
cognition, as well as a desire to test for synergistic effects of these modalities combined 
with tDCS. Physical activity was included as an intervention because the benefits of 
aerobic exercise interventions on brain health and cognition are robust and reliable (52–
55), even when controlling for expectancy effects (56). Exercise is firmly linked to 
cognitive functioning, with high-fit subjects often showing greater cognitive performance 
compared to low-fit subjects, and exercise interventions have demonstrated causal 
benefits of exercise on cognition as well (57–59). The INSIGHT physical exercise 
intervention was identical across the active and sham HD-tDCS groups, allowing for 
direct comparisons of outcome measures related to HD-tDCS. With over 2600 HD-tDCS 
+ cognitive training sessions conducted, the massive scale of the INSIGHT project puts it 
in a prime position to address the issue of tDCS and transfer. 
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Using tDCS to Modify Fluid Intelligence 
 The INSIGHT project investigated if tDCS administered bilaterally to the 
dorsolateral prefrontal cortex (DLPFC) during videogame-based cognitive training with a 
game called Mind Frontiers could improve transfer to tests of fluid intelligence. This 
research question was based on research demonstrating that changes in activation from 
pre- to post-training predicts transfer to untrained tasks (9). Such results suggest that it is 
possible to enhance transfer by increasing task-related activation in brain regions shared 
by the trained and transfer task. The LDLPFC was chosen as the stimulation site because 
of its critical role in fluid intelligence (37), WM (60), and executive function—
particularly “higher-order” functions such as cognitive control and decision-making 
(61,62). While tDCS has never been used to improve Gf directly, anodal tDCS applied to 
the left DLPFC has been shown to influence aspects of EF ranging from working 
memory (49,63,64) to problem solving (65,66). Based on these findings and the 
important role played by the DLPFC in Gf, INSIGHT sought to improve Gf by 
stimulating the LDLPFC.  
 
Hypotheses 
 Based on the importance of the LDLPFC to fluid intelligence (37) and the cognitive 
demands of the Mind Frontiers (see below, Chapter 4) game (51, under review), I had the 
following predictions: 
1.   Anodal tDCS administered bilaterally to the DLPFC (F3 and F4) will enhance 
Mind Frontiers performance across all games. 
2.   Anodal tDCS will facilitate transfer to our neuropsychological tests, particularly 
those measuring Gf. 
We had no specific hypotheses about tDCS benefitting specific Mind Frontiers games 
more than others, though we did more strongly expect some games to benefit. In other 
words, the amount of expected improvement was consistent across all MF games and 
transfer constructs but the probability was higher in some cases than others. Hypothesis 1 
predicts equal benefit across all games, as all the MF games are firmly based in the 
region targeted by our HD-tDCS montage. Games like Sentry Duty and Ante up are 
directly based on specific cognitive tasks that have shown behavioral benefits following 
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tDCS (45,49,63,64), so improvement was strongly expected for those games. Hypothesis 
2 predicts benefits to every transfer construct (WM, EM, EF, and Gf). The ultimate goal 
of INSIGHT was to benefit Gf, and the MF games were designed with this goal in mind. 
It was believed that improving the cognitive processes that underlie and share variance 
with Gf (32,34,36) would lead to improvements in trained skills as well as overall broad 
improvements in fluid intelligence.  
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Chapter 2: tDCS 
Mechanisms Behind tDCS 
 Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation 
technique that uses small amounts of electric current to modulate the firing rates of 
stimulated neurons (6,7). The neuromodulatory effect of tDCS is most commonly 
assessed by stimulating the primary motor cortex (M1), delivering a pulse of transcranial 
magnetic stimulation (TMS), and measuring the amplitude of the resulting motor-evoked 
potential (MEP) from the contralateral 
thumb. Comparing the amplitude of 
the elicited MEP from pre- to post-
stimulation reveals that anodal tDCS 
excites and cathodal tDCS inhibits M1 
neurons (Figure 2.1) (43). The duration 
of tDCS-induced changes in firing 
rates depends on the duration of 
stimulation, with longer stimulation 
duration leading to longer lasting 
neuromodulatory effects (43). 
 Such stimulation reliably enhances task performance when applied to functionally 
relevant cortical regions (16,50). It is difficult to nail down the precise mechanism 
underlying tDCS because it has such widespread neurological effects. The most widely 
accepted explanation is that tDCS facilitates long-term potentiation (LTP) (14,48) by 
modifying levels of GABA, intracellular calcium (68), and NMDA (69,70). The precise 
synaptic mechanisms underlying LTP are not completely understood, though a clear 
relation exists between LTP, GABA, and NMDA(71,72). According to the LTP account, 
brief periods of strong synaptic activation caused by tDCS lead to strengthened synaptic 
transmission (73). In other words, tDCS causes task-relevant neurons to fire more often, 
and neurons that fire together wire together (4,5). 
 
Figure	2.1	-	MEP	amplitude	following	anodal	
and	cathodal	tDCS	(Nitsche	et	al.,	2001,	p.		636) 
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Targeting Functionally Relevant Regions 
Polarity-specific improvements or impairments are generally only found when 
functionally relevant brain regions are stimulated. Indeed, the strongest theoretical 
evidence for the performance enhancing effects of tDCS comes from studies with 
multiple stimulation sites. In an encouragingly null result, anodal tDCS to the DLPFC 
(F3) was found to improve n-back performance, but stimulating the primary motor cortex 
(M1) did not (49). Given that the n-back task stresses working memory and that the 
DLPFC is critical to working memory, it follows that stimulating this region would 
influence performance. The only role M1 plays in the n-back task, on the other hand, is 
pressing one of two buttons—a basic task with little room for improvement or 
impairment. Several studies have replicated the performance-enhancing effect of anodal 
tDCS to the DLPFC on n-back performance (63,64), providing reassuring replication for 
the observed performance-enhancing effects. There exist many examples of tDCS 
selectively enhancing performance when functionally relevant regions are targeted. 
Anodal tDCS to prefrontal regions modulates performance of higher-order cognitive 
functions such as planning (45) and attentional bias (50). Anodal tDCS to Wernicke’s 
area, a well documented language region (74), improves the speed of language learning 
(75). Anodal tDCS to M1 has been shown to enhance motor skills such as the Jebsen 
Taylor Hand Function Test (76), visually guided tracking (77), and even circle drawing 
(78).  
Precise targeting of cortical areas has been made possible by advancements in 
current modeling and the use of high-definition electrodes (79). Traditionally, tDCS is 
administered via large sponge electrodes, leading to diffuse current and low current 
density. By using a multi-layer, gyri-precise head model to predict current flow, Datta et 
al. (80) have shown that it is possible to guide current to precise cortical areas by using 
multiple small electrodes (Figure 2.2). 
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Figure 2.2 – Current density with conventional sponge electrode montage (top) and a high-
definition montage (bottom). Datta et al., 2009, p. 204. 	
High-definition montages can serve two possible purposes: (1) constraining stimulation 
to a limited region, or (2) guiding current flow through multiple desired regions. When it 
comes to modeling current, there is always a tradeoff of current focality and intensity 
(81). Surrounding an anode with multiple cathodes effectively limits the current field to a 
small region, which can be useful when targeting specific motor regions. Precisely 
arranging high-definition electrodes in distal locations, however, leads to a more 
widespread but carefully controlled electric field (82). Given the evidence provided for 
the spatial selectivity of tDCS effects, greater control over current flow is a valuable asset 
and has the potential to enhance the efficacy of tDCS.  
 
tDCS and Transfer 
 In addition to enhancing on-line task performance of skills during stimulation, there 
is mixed evidence suggesting tDCS can enhance performance on untrained tasks (i.e., 
transfer). Transfer depends critically on the relation between trained and untrained tasks. 
In general, we would only expect performance gains on a task to transfer to an untrained 
task if both tasks share cognitive demands and brain regions (9,11). By modulating 
neuronal firing rates in brain regions shared by two tasks, it may be possible to facilitate 
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transfer from one task to the other. For example, Andrews et al. (16) had subjects 
complete a single session of the n-back working memory task while receiving anodal 
tDCS to the LDLPFC and reported enhanced transfer to a digit span forward test of 
working memory compared to sham stimulation. Such results should, however, be 
viewed cautiously; no effects were found for digit span backwards, and the authors did 
not address potential shared variance between the n-back task and the digit span task, 
both of which rely strongly on WM. This latter point is significant, as the cognitive 
training literature suggests that transfer relies strongly on shared cognitive demands (10–
13).  
 In a different study, Martin et al. (15) trained subjects for 10 sessions on an 
adaptive dual n-back task with concurrent anodal tDCS to the left dorsolateral prefrontal 
cortex (F3) and measured transfer to tests of attention and working memory. The authors 
were able to demonstrate an effect of cognitive training (the anodal tDCS + cognitive 
training group showed greater transfer than the anodal tDCS-only group) but failed to 
show any difference between the anodal and sham tDCS + cognitive training groups. In 
other words, they showed an effect of cognitive training but not an effect of tDCS. 
Another study similarly failed to find any evidence of enhanced transfer of tDCS 
compared to sham after 10 sessions of adaptive working memory training (51). Thus, it 
remains unclear whether cognitive training combined with tDCS can lead to improved 
performance on untrained tasks. With over 2600 HD-tDCS training sessions run, the 
massive scale of the INSIGHT project puts it in a position of authority to address the 
issue of tDCS and transfer.  
 
Individual Differences 
The tDCS literature suggests that individual differences ranging from age (81,83) to 
personality may influence tDCS outcomes (84). There are predictable changes to brain 
structure and function that occur as we age (85,86). Such changes are relevant to tDCS 
because brain anatomy influences the density of delivered current, leading to individual 
differences in the effectiveness of tDCS (87). Fujiyama et al. (83) convincingly 
demonstrated that age plays an important role in the time course of the neuromodulatory 
effects of tDCS by administering tDCS to the primary motor cortex and measuring the 
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amplitude of the resulting motor-evoked potential (MEP) at several time points post-
stimulation. Measuring MEP amplitude following M1 stimulation is the accepted way of 
measuring changes to cortical excitability following tDCS (43). Young adults showed 
maximum enhanced excitability immediately following stimulation; older adults, 
however, showed a delayed response, with maximum MEP amplitude occurring only 30 
minutes after stimulation (Figure 2.3).  
 
 
Figure 2.3 – Delayed response to tDCS in older subjects (Fujiyama et al., 2014, p. 3) 
 
Such age-related differences in the time course of tDCS are attributed to decreased neural 
plasticity of the motor network associated with aging (88). While the observed results 
compared groups of young and old subjects, one would expect such differences would 
emerge over time, and therefore age may be a relevant individual difference factor in 
predicting the benefits of tDCS. 
Personality factors have been found to influence the effects of tDCS, as well. Levels 
of math anxiety have been found to predict whether anodal stimulation improves or 
impairs performance on math problems (89). Individuals with high math anxiety showed 
shortened reaction times following anodal tDCS administered to the LDLPFC, while 
those with low math anxiety showed the opposite effect. The observed effects were 
attributed to differential excitation and inhibition associated with anxiety and suggest 
personality traits can be valuable sources of information when investigating tDCS effects. 
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I sought to investigate individual differences in age and personality measures to account 
for additional variance in Mind Frontiers training data. 
 
tDCS and Vigilance 
Performing a task for long periods of time causes performance to gradually diminish 
in a phenomenon known as vigilance decrement (90). This phenomenon, first established 
in the 1940s using visual search experiments, is attributed to decreases in effortful 
attention that naturally occur in response to performing a task for an extended period 
(91). The attentional networks involved in vigilance are widespread, but frontal regions 
have been shown to be critically important to maintaining vigilance (92). Patients with 
frontal lesions show impaired performance on widely used tests of vigilance, and these 
performance decrements become more pronounced as task duration increases (93). 
Vigilance decrement is most commonly addressed by modifying the performed task, 
making it more motivating and engaging, but recent research performed at the Air Force 
Research Laboratory at the Wright-Patterson Air Force Base (94,95) suggests that 
noninvasive brain stimulation may also have a role to play. 
tDCS has been shown to effectively combat vigilance decrement, preserving 
performance over time. Nelson et al. (95) were able to successfully ameliorate vigilance 
decrement by administering 1.0 mA of anodal stimulation to F3. Participants completed a 
simple target detection test of vigilance for 40 minutes and received tDCS after 10 
minutes of task performance. While the sham tDCS group showed the expected decrease 
in performance, the active tDCS groups maintained their performance, showing no signs 
of vigilance decrement. Administering 2.0 mA to the same region, McIntire et al. (94) 
found that tDCS counteracted vigilance decrement as effectively as caffeine, with effects 
lasting over a longer time period. tDCS is believed to preserve performance by 
influencing the availability of vigilance resources, preventing reductions in brain activity 
commonly associated with fatigue. 
Given that the INSIGHT HD-tDCS montage included an anode over F3, it is 
possible that the chosen stimulation montage may inadvertently improve participant 
performance by enhancing vigilance. While Mind Frontiers was designed to be engaging 
and motivating, participants could hardly be blamed for showing signs of vigilance 
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decrement after 20 70-minute Mind Frontiers training sessions. For these reasons, I chose 
to investigate whether tDCS influenced vigilance decrement. 
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Chapter 3: Cognitive Training 
Issues Concerning Cognitive Training & Transfer 
 Cognitive training with videogames has shown to be a promising way of enhancing 
specific cognitive skills in laboratory settings (18,96,19,2), but the degree to which such 
training generalizes to untrained tasks is unclear. It is beyond dispute that practice leads 
to enhanced performance on a trained task, but the true goal of cognitive training is to 
improve underlying cognitive abilities. Such broad improvement should be reflected in 
enhanced performance to untrained tasks that rely on similar constructs, otherwise known 
as transfer (11). Transfer is critically important to cognitive training, as the usefulness of 
cognitive training rests on the transfer of trained skills to new tasks and environments. 
Unfortunately, there is increasing doubt from the scientific community regarding the 
validity of transfer following cognitive training. 
 Despite a growing body of evidence demonstrating transfer to untrained tasks 
(20,10,97,21,12), the cognitive training literature is ridden with failures to replicate and 
inconsistent transfer effects (24,13,98,22,99,25,23,100). The problem is compounded by 
methodological problems that plague the cognitive training literature, such as inadequate 
control conditions, short intervention durations, and failure to analyze cognitive ability at 
the construct level. Convincingly demonstrating transfer requires demonstrating 
improvement in cognitive ability at the construct level, across several related and 
validated measures, rather than using a single task. Using a single transfer task to 
measure cognitive improvement runs the risk of ‘teaching to the test’ if the trained task 
and the transfer task share too many features. Such methodological problems often result 
from a lack of resources. Adding adequate control groups to a study design, for example, 
can be expensive. The INSIGHT project luckily did not suffer from a lack of funding, 
and included 5 experimental groups, including an active cognitive training control, a 
sham tDCS group, and a no-contact control group. It also included an extensive battery of 
neuropsychological tests, administered at pre- and post-training. 
 
Intelligence, Working Memory, and Executive Function 
Gf is a broad cognitive construct that encompasses many different abilities, and it 
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is most strongly connected to WM and EF. WM refers to our ability to store and 
manipulate information for short periods, and it is the basis of higher-level abilities such 
as reasoning and problem solving (32). Gf relies on comparing and integrating stored 
information, so it follows that enhanced ability to store and retrieve information would 
manifest in enhanced Gf. WM and Gf are believed to share the same capacity constraint 
(36), and the connections between the two are so commonly reported as to be beyond 
dispute. While it can be difficult to compare studies that use different measures to 
estimate WM and Gf, estimates of the strength of their relation range from moderate to 
extreme. In a meta-analysis, Ackerman et al. (34) examined data from 10 published 
studies and demonstrated that WM and Gf share roughly 50% of their variance. Colom et 
al. (101) have reported a mean structural coefficient of 0.96 between psychometric g (a 
construct closely related to Gf) and WM. WM performance is often measured with 
complex span tasks in which memory tasks are interrupted by secondary processing tasks 
(102). Performance on such tasks correlates strongly with Gf, and so these were the tasks 
used in INSIGHT to measure WM. 
Executive function is a broad construct that encompasses a number of high-order 
mental processes that regulate cognition and distribute attention such as planning, 
scheduling, dealing with ambiguity, multi-tasking, and working memory (103). It can be 
difficult to accurately define EF, given that it comprises such a wide range of cognitive 
skills, though many have tried. Miyake et al. (104) break the concept down to three core 
functions: shifting, updating, and inhibition. These latent constructs have been shown to 
be closely linked (updating is a component of WM) and share a great deal of variance, 
but they are also separable to some degree. Rather than give a strict definition of EF, it is 
perhaps easier to distinguish it from WM. At its heart, WM can be distilled to the 
encoding and retrieval of sensory information. EF, on the other hand, operates on a level 
above simple stimulus characteristics and describes a more general ability to shift 
attention and organize thoughts in a goal-directed way. The construct of EF is closely 
related to that of Gf, with some going so far as to suggest that the two are 
indistinguishable (105). Perhaps unsurprisingly, EF relies on coordination between a 
network of brain regions, with the central hub located in the DLPFC (37,61). 
Functional and structural imaging demonstrates that WM, EF, and Gf are all 
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firmly rooted in prefrontal brain regions. Prefrontal regions have an established role in 
higher cognitive functions and are believed to broadly support attention and memory by 
allowing strong access to stimulus representations (37,106). In a seminal functional 
imaging paper, Braver at al. (107) demonstrated that performing the n-back WM task 
elicited activity in dorsolateral prefrontal areas, activity that increased linearly as a 
function of memory load. Brain activity in the bilateral dorsolateral prefrontal cortex 
(DLPFC) during the n-back task has been found to predict both Gf and WM (60), 
suggesting a common dependence on interference control that relies on lateral prefrontal 
activation. Countless other examples of the role of prefrontal areas in WM can be found 
in the literature (for a review, see 108). EF tasks have also been shown to rely on activity 
of prefrontal cortical networks (109). Structural imaging findings support the prefrontal 
localization of these cognitive skills, with lesions to the DLPFC predicting impairments 
in WM (110), EF (31), and Gf (37). The connection between prefrontal regions, WM, and 
Gf is not limited to clinical populations. Differences in prefrontal activation patterns in 
healthy populations have been found to predict individual differences in Gf as well (108).  
Wish such a wide range of cognitive abilities based in the DLPFC, modifying 
rates of neural firing in this region holds great potential for directly influencing cognition. 
The INSIGHT project sought to improve Gf by training participants on tasks relying on 
related WM and EF constructs, rather than directly with Gf tasks. Given the shared 
variance between the trained and untrained constructs, we believed that improving 
foundational cognitive abilities such as WM and EF would lead to broad improvements 
in Gf. 
 
Improving Fluid Intelligence 
 Gf is a common target for cognitive training because it correlates so strongly with 
important real-world outcomes such as education and job performance (39,40). Gf is 
most commonly targeted by training WM using tasks such as the n-back (97), and results 
from intervention studies have been mixed. Klingberg et al. (111) trained children with 
attention deficit hyperactivity disorder with computerized adaptive WM training over 5 
weeks in a double blind, placebo-controlled experiment. In addition to the expected near 
transfer effects to untrained visuospatial tasks, participants in the cognitive training group 
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showed greater improvements from pre- to post-training in the Ravens Advanced 
Progressive Matrices task than the placebo group. It should be noted that such results do 
not necessarily generalize to healthy populations; ADHD is associated with WM 
impairments and participants with low baseline ability tend to show greater improvement 
in cognitive training interventions (27), as they have more room to improve. Indeed, a 
follow-up study with healthy children failed to show improvements to intelligence using 
the same training program (112).  
 In perhaps the most controversial result to ever emerge from the cognitive training 
literature, Jaeggi et al. (20) demonstrated improvements in working memory and Gf tasks 
following WM training with healthy adults. Participants completed up to 4 weeks of 
training with a computerized adaptive n-back task and showed improvements to Gf as 
assessed with the Bochumer Matrizen-Test (BOMAT) (113), a Gf task similar to the 
Ravens test (Figure 3.1). They even showed a dose-dependent effect, with longer training 
durations leading to greater improvements on the untrained Gf task. 
 
 
Figure 3.1 – The hotly debated and inconsistently replicated finding of transfer to Gf (as 
measured by the BOMAT) following WM training (Jaeggi et al., 2008, p. 6831) 	
 Despite methodological problems such as the use of a no-contact control and 
assessing Gf with a single task, these results were widely publicized and were interpreted 
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by many as evidence that it is, in fact, possible to improve Gf. Numerous other labs, 
however, have since failed to replicate this infamous result (23,100,114). Redick’s 2012 
paper (23) stands out as a particularly damning failure to replicate, as it addressed many 
of the methodological issues that plague cognitive training studies: the study included an 
active control group as well as a no-contact control, cognitive constructs were measured 
using multiple tasks, and the trained dual n-back task was adaptive. Redick failed to show 
transfer to any of the tested constructs, including Gf, though it may be more accurate to 
say he succeeded in showing no transfer. Owens et al. (25) stands out as another notable 
null finding, reporting no transfer to untrained tasks following 6 weeks of online 
cognitive training with 11,430 subjects. In the aftermath of such inconsistent findings, it 
remains largely unknown to what degree it is possible to improve Gf. The INSIGHT 
project sought to address this question by methodically combining multiple intervention 
modalities in a comprehensive attempt to improve human fluid intelligence. 
 
Individual Differences in Response to Cognitive Training 
 Different subjects respond very differently to cognitive training interventions, and 
factors ranging from brain structure (115) to beliefs about intelligence (28) predict 
training outcomes. Baseline ability has been found to effectively predict the response to 
cognitive training. Whitlock et al. (27) had older adults complete 14 hours of videogame 
training and found that subjects with lower baseline ability (as indicated by pre-training 
performance) showed greater improvement on transfer tasks. Such a finding makes 
intuitive sense; subjects starting at a low level of performance simply have more room to 
improve than already high-performing subjects. The observed inverse correlation 
between baseline score and improvement makes sense within a single transfer task, but 
one would expect an opposite trend when using pre-training scores on a transfer task to 
predict performance on the training task itself. As long as the trained and transfer tasks 
share cognitive demands, baseline performance on the transfer task can act as a measure 
of cognitive ability, which should predict trained task performance. Intelligence is closely 
connected with educational achievement (39), suggesting that education level could act as 
an additional indicator of baseline performance.    
 Several personality traits have shown promise in predicting outcomes from 
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cognitive training. Implicit theories of intelligence refers to one’s belief that intelligence 
is malleable, that it can be influenced through experience and effort (116). Such beliefs 
represent an ‘incremental’ theory of intelligence and have been found to be a useful 
predictor of cognitive training outcomes (28). On the other end of the scale, is the ‘entity’ 
theory, which holds that intelligence is fixed and pre-determined. Individuals who hold 
such a theory of intelligence have shown less transfer from cognitive training than those 
who consider it changeable. Intrinsic motivation has also been shown to be an important 
factor in intervention studies, predicting improvements in both academic (117) and 
cognitive training (27,97) settings.  
 The Mind Frontiers game was designed to be engaging, but some individuals 
simply enjoy such games more than others. An individual’s level of motivation and 
enjoyment could serve as a useful predictor of training outcomes. Grit is a personality 
trait that signifies an individual’s persistence and motivation to achieve long-term goals 
(118). Individuals with high grit are more likely to engage in activities that are not highly 
interesting in the pursuit of larger goals. Grit was considered a potentially useful 
predictor of Mind Frontiers improvement, particularly later in training. Need for 
cognition represents an individual’s tendency to enjoy thinking and intellectual 
challenges (119). This measure, together with baseline score, has been found to predict 
whether participants complete cognitive training interventions (28). Given the cognitive 
demands of the Mind Frontiers game, Need for Cognition was expected to predict 
participants’ willingness to “stick with it” at high levels of difficulty, particularly at the 
end of the training period.  
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Chapter 4: Methods 
Protocol 
 The INSIGHT project represents an extensive, multi-faceted intervention, with 
participants completing up to 54 sessions in total. Participants first completed a 3-hour 
cognitive testing session, followed by a 2-hour session in which they completed a 
maximal oxygen consumption (VO2 max) fitness test and various questionnaires. Half of 
participants then completed a 2-hour magnetic resonance imaging (MRI) session. Over 
the next 4 months, participants completed 28 fitness sessions and 20 cognitive training 
sessions. Each session lasted 70 minutes, and participants were required to complete 3 
sessions every week.  
 The intervention was 
designed to use physical fitness to 
prime participants for learning, 
and so it began with fitness 
sessions and gradually 
transitioned into cognitive training 
sessions (Figure 4.1). In month 1, 
participants completed 3 fitness 
sessions every week. In month 2, 
participants completed 2 fitness 
sessions and 1 cognitive training 
session every week. In months 3 and 4, participants completed 1 fitness session and 2 
cognitive training sessions every week.  
 
Subjects 
 207 participants (mean age 25.4 ± 5.7; 130 females) were recruited from the 
Urbana-Champaign community and were paid 10 dollars an hour for their participation. 
These participants represent the subset of the INSIGHT subject pool that were randomly 
assigned to the active or sham HD-tDCS groups. All participants were right-handed, had 
normal or corrected-to-normal vision, and did not have any major medical or psychiatric 
Figure 4.1 – The INSIGHT intervention timeline 
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conditions. Age in the tDCS groups ranged from 18-44 years. Attrition rates were quite 
high due to the length of the intervention (48 sessions over 16 weeks), but they were 
comparable in the active (35%) and sham (40%) groups. It is worth noting that only 4 
participants were disqualified due to HD-tDCS discomfort. Participants were excluded 
from analysis if they completed fewer than 17 training sessions of the total 20. After 
these exclusion criteria, the final analyses included 68 subjects in the active HD-tDCS 
group and 61 in the sham HD-tDCS group. The protocol was reviewed by the 
Institutional Review Board at the University of Illinois at Urbana-Champaign, and all 
subjects gave written consent before participating. 		
 Active tDCS Sham tDCS 
N (start) 104 103 
N (end) 64 61 
Age M=26.4, SD=5.5 M=24.4, SD=5.9 
Gender 58% Female 68% Female 
Table 4.1 – Group demographic information 
 
Protocol 
Participants in the active and sham tDCS groups completed 20 70-minute 
sessions. In every session, participants played each of the six Mind Frontiers games for 
12 minutes. Before and after the training sessions, participants completed 
neuropsychological testing sessions involving a wide battery of tests. The test battery was 
designed to have three tests for each of the following measures: fluid intelligence (Gf), 
working memory (WM), executive function (EF), and episodic memory (EM). After 
post-training testing, participants completed various questionnaires assessing expectancy 
effects, whether they believed they were in the active or sham tDCS group, and how 
much they enjoyed the Mind Frontiers games. 
 
Mind Frontiers 
 Mind Frontiers is a mobile cognitive training program developed for Android tablet 
by University of Illinois researchers in collaboration with Aptima, Inc. using the Unity3D 
game engine (67). Mind Frontiers comprises six mini-games, each of which is based on a 
cognitive task that has shown promise in fostering transfer. The development approach 
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for Mind Frontiers was to gamify these validated cognitive tasks to make them more 
engaging, and also to unify the mini-games with a Wild West theme. The Mind Frontiers 
games were designed to be adaptively difficult as well as engaging. As mentioned earlier, 
Gf is a complex cognitive construct that shares variance with other cognitive abilities 
such as working memory, task-switching, and executive function (31–34). The Mind 
Frontiers games were designed to improve these foundational cognitive abilities, in the 
hope that this would lead to an improvement in Gf. Many of the most successful attempts 
at demonstrating transfer vary difficulty adaptively and encompass a wide range of 
cognitive skills (20,25,35,36), and Mind Frontiers was designed with such variety in 
mind. Task difficulty each game increases with performance, making it a useful measure 
of learning. 
I. Sentry Duty (Working Memory) 
Sentry Duty is essentially a dual 
(spatial/auditory) n-back task and is 
based on previous cognitive training 
research using adaptive dual n-back 
training tasks (20,23). Sentries are 
arranged in a 3x3 grid, and they lift 
lanterns while speaking a word of 
the phonetic alphabet (“alpha”, 
“bravo”, “charlie”, etc.). Players must compare the current stimulus’ spatial location and 
auditory identity to that presented n targets ago and give one of 4 possible responses: 
visual match, audio match, dual match, or no match. Difficulty is manipulated by 
modifying the value of n. 
II. Riding Shotgun (Working Memory) 
Riding Shotgun presents a spatial 
sequence on a 20-square grid and 
asks the player to recreate it, 
similar to the popular children’s 
toy Simon. The game is based on 
research demonstrating transfer in 
Figure 4.2 - Sentry Duty 
Figure 4.3 – Riding Shotgun 
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children with ADHD (120) and training-induced brain plasticity (121) following working 
memory training with a similar task. Difficulty is manipulated by modifying the length of 
the visuospatial sequence to be remembered.  
III. Irrigator (Spatial Reasoning) 
Irrigator is our take on the classic 
game Pipe Mania and is based on 
research showing improvements in 
fluid reasoning following training 
with spatial reasoning tasks in 
children (99). In Irrigator, players 
must connect a water pump to a well 
using different pipe pieces provided 
to them. Pipes can be curved or straight, and they can only be connected to matching 
pipes (e.g., a horizontal piece cannot be connected to a vertical piece). The order in which 
pipe pieces are presented to the player is randomly determined, which requires the player 
to plan routes and be flexible in using the resources at hand. On higher difficulties, 
players must build pipes connecting multiple wells, which requires planning routes 
around obstacles and carefully deciding which pipes to use. Difficulty is manipulated by 
modifying the number of wells, the number of obstacles, and the time limit. 
IV. Supply Run (Working Memory) 
In Supply Run, townspeople request 
items from various categories and 
the player is tasked with 
remembering the most recent item 
requested for each category. 
Categories and objects were chosen 
to be consistent with the Wild West 
theme (saloon, lasso, saddle, etc.). At 
the end of each level, the player reaches a general store, where they must select their to-
be-remembered items. Difficulty is manipulated by modifying the number of categories 
and the number of requests. Supply Run stresses WM updating and is based on research 
Figure 4.4 - Irrigator 
Figure 4.5 – Supply Run 
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showing transfer to a 3-back task following updating training with young adults (9,122). 
V. Pen ‘Em Up (Task Switching) 
Pen ‘Em Up tasks the player with 
sorting images based on one of two 
criteria. Players are presented with a 
sorting pattern at the start of each 
level, which they must remember. 
For example, an easy level’s pattern 
might involve alternating between 
sorting based on size (big/small) or 
identity (plant/animal). Pen ‘Em Up stresses task switching and is based on research 
showing both near and far transfer following task switching training (21). Difficulty is 
manipulated by modifying the complexity of the sorting pattern. 
VI. Ante Up (Planning) 
Ante Up is our version of the Tower 
of London task, which requires 
rearranging stacks of objects to 
match a target. Tower of London is a 
classic task that stresses planning 
and problem solving (123,124), and 
tDCS has been shown to improve 
performance on this task (45). 
Players are presented with 4 stacks of cards, and they must move cards between stacks to 
match the 4 target stacks presented at the top of the screen. Each level has a maximum 
number of moves the player is allowed to make before failing the level. By limiting the 
number of moves a player can make, Ante Up requires players to plan their moves well in 
advance to successfully complete a level. Difficulty is manipulated by modifying the 
number of cards in the stacks as well as the maximum number of moves.   
 
Figure 4.6 – Pen ‘Em Up 
Figure 4.7 – Ante Up 
25	
tDCS Protocol 
We used a 2x2 bilateral prefrontal electrode montage with anodes at F3 and F4 
and cathodes at O9 and O10. This montage was chosen after lengthy discussions with 
Soterix, who provided the INSIGHT team with high-resolution models of current density 
and distribution (Figure 4.8). The chosen montage was found to have strong excitatory 
effects in prefrontal areas critical to the cognitive abilities we wished to enhance. 
 
 
Figure 4.8 - HD-tDCS montage 	
Current was administered via proprietary gel-based electrodes, which provide 
optimum current intensity and focality with minimum skin sensation. Electrodes were 
inserted into 3D-printed electrode holders fastened to an EasyCap EEG cap. The cap was 
aligned to each subject’s head according to anatomical landmarks, ensuring consistent 
current density and flow across subjects.  
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Figure 4.9 – Active tDCS stimulation protocol 
In the active tDCS group, current was ramped up over 30s to 2.0 mA, stayed at 
2.0 mA for 30 minutes, and then ramped down over 30s (Figure 4.9). In the sham tDCS 
group, current was ramped up over 30s to 2.0 mA, remained at 2.0 mA for 30 seconds, 
and then ramped down again (Figure 4.10). After 30 minutes, the current ramped up over 
30s and ramped down again. 
 
Figure 4.10 – Sham tDCS stimulation protocol 
The extra ramp-up ramp-down at the end of sham stimulation is meant to simulate 
the skin sensation of the active tDCS group and proved to be effective: when asked post-
training, only 47% of subjects across both the active and sham tDCS groups accurately 
guessed which group they were in (50% would be expected with random guessing). 
 
Transfer battery 
 The transfer battery was designed to assess fluid intelligence (Gf), working memory 
(WM), executive function (EF), and episodic memory (EM). The cognitive training 
literature has been criticized for assessing cognitive abilities with single tasks (11,125), 
so multiple measures were chosen for each construct. Alternate forms of tasks were used 
at pre- and post-training assessment for tasks without random stimulus generation. A 
brief description of each task is given below. 
I. Fluid Intelligence (Gf) 
 Three tasks were used to assess transfer of training to Gf: the Bochumer Matrices 
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Test (BOMAT) (113), Letter Sets (126), and Number Series (127). All of the chosen Gf 
tests rely on some form of pattern recognition and inference. The BOMAT is similar to 
Raven’s Advanced Progressive Matrices (128), a well validated and widely used test of 
Gf. Both tests present a grid of geometric figures with one figure missing, and the subject 
must infer patterns to correctly identify the missing figure from several presented options. 
Letter Sets presents several series of letters that all follow a specific pattern (e.g., 
ABCBA, PQRQP) except one, and asks the subject to identify which set is different from 
the others. Number Series presents a series of numbers that change according to a pattern 
(e.g., 2, 4, 6, 8) and asks the subject to select the next number that follows the pattern 
from a list of options. For all three Gf tests, the primary outcome measure is number of 
correct trials. 
II. Executive Function 
 EF was measured using the Keep Track (129), Garavan (130), and Stroop (131) 
tasks. Keep Track and Garavan rely on a similar set of cognitive skills including 
updating, maintenance, and task-switching. In the Keep Track task, participants are 
shown a series of words from various categories (e.g., countries, colors) and are asked to 
remember the most recent word from each category. Before each trial, participants are 
told the target categories (from which they should recall the most recent object), and the 
number of categories ranged from 2-6. The outcome variable for Keep Track is the 
number of correctly recalled words. The Garavan is a self-paced counting task in which 
participants must keep count of how many of two possible shapes (large and small 
squares) have been presented. The primary outcome variable for the Garavan is the 
number of errors made. The Stroop is a classic test of inhibition and selective attention. 
Participants are presented words printed in different colors and must indicate the word’s 
font color, a judgment that incurs a processing cost when the word’s meaning conflicts 
with its color. The primary outcome variable for the Stroop task is the Stroop effect, 
calculated by subtracting the average response time for correct incongruent trials (e.g., 
the word ‘blue’ displayed in yellow) from average response time for congruent trials 
(e.g., the word ‘red’ displayed in red). 
III. Working Memory 
 WM was assessed using three related tasks: Reading Span (132), Rotation Span 
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(133), and Symmetry Span (134). All three complex span tasks are structured similarly, 
with a primary memory task interrupted by an unrelated task. The reading span task has 
participants judge whether a sentence makes sense in between presentations of to-be-
remembered letters. After several of these paired events, participants are asked to report 
the letters in order. In the Rotation Span task, participants must remember short or long 
arrows pointing in one of eight directions. In between presentations, participants solved 
simple math problems. The Symmetry Span task requires participants to judge whether 
black-and-white pixelated images were symmetrical in between encoding the location of 
a red square in a 4x4 grid. The primary outcome measure for all span tasks was the 
number of correct responses. 
IV. Episodic Memory 
We administered three tests of episodic memory: Immediate Free Recall (IFR) 
Pictures (22), IFR Words (135), and Paired Associates (136). The IFR Pictures task 
presents a list of pictures of objects and then asks participants to report as many presented 
objects as possible, in any order. The IFR Words task is identical except a series of words 
are presented instead of pictures. The primary outcome variable for the IFR tasks is the 
number of correctly recalled items. The Paired Associates test presents a series of 
unrelated word pairs (e.g., curtain-gun, coffee-shoe). Participants are then presented with 
one word from each pair and are asked to recall the matching word. The primary outcome 
variable for the Paired Associates test is the number of correctly recalled word pairs. For 
all three tasks, a delayed recall version was administered after a 10-15 minute delay in the 
testing session. 
 
Individual differences self-report instruments 
An extensive battery of questionnaires was administered at pre-training, but only the 
relevant ones will be mentioned here. Questionnaires were completed online, via 
specially created Google Docs forms. 
I.  Grit Scale 
The 12-item Grit Scale (118) is meant to assess a participant’s willingness to overcome 
challenges and motivation to achieve long-term goals. It includes statements such as “I 
have overcome setbacks to conquer an important challenge” and “I finish whatever I 
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begin”. Participants indicate on a 5-item Likert scale how much such statements 
accurately describe them. 
II.  Implicit Theories of Intelligence Scale (TOIS) 
The six-item TOIS questionnaire measures how much participants believe intelligence 
can be improved through effortful action. It has participants respond on a 6-item Likert 
scale to questions such as “You can always change how intelligent you are”. 
III.  Need for Cognition Scale 
Need for cognition was assessed via a 45-item questionnaire that includes statements 
such as “Thinking is not my idea of fun” and “The notion of thinking abstractly appeals 
to me”, with participants indicating how much they agree via a 9-item Likert scale.  
IV.    Education 
Education was assessed with a 5-item scale indicating the highest level of education the 
participant had completed. Participants indicated if they had completed some high school, 
graduated high school, completed some college, graduated college, or completed a 
Masters program or higher. Education level was treated as a categorical variable. 
  
Vigilance Decrement Score 
In order to assess vigilance decrement, I calculated a “Vigilance Decrement 
Score” by examining variations in within-session Mind Frontiers performance. Vigilance 
decrement would be expected to manifest as decreases in task performance over time, 
with the strongest decrement being expected at the end of each play session. For each 
Mind Frontiers game, I calculated each subject’s maximum game difficulty achieved in 
each session and subtracted the recorded difficulty score for the last trial in each session. 
For example, if a subject achieved a maximum session difficulty score of 10 in Irrigator 
but then their motivation waned and their score dropped to 6 at the end of the session, 
they would have a Vigilance Decrement Score of 4 for that session. Such a score 
effectively summarizes vigilance decrement by capturing maximum performance reached 
at any point during a session while not being confounded by low start-of-session 
performance. Participants’ Vigilance Decrement Scores were averaged across all 
sessions, leading to a single score per game per subject.    
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Chapter 5: Results 
Cognitive Training 
 Hypothesis 1 predicted that anodal tDCS using our selected prefrontal montage 
would improve performance across all Mind Frontiers games. To test this hypothesis, I 
ran one-tailed t-tests on average difficulty level reached in the last session of training for 
each game. Five of the six games showed significant performance benefits for the active 
HD-tDCS group (Figure 5.1): Sentry Duty (t(119)=2.16, p=.016), Riding Shotgun 
(t(119)=2.36, p=.01), Supply Run (t(119)=1.82, p=.04), Pen ‘Em Up (t(119)=2.15, p=.02), and 
Irrigator (t(119)=1.62, p=.05). Ante Up (t(119)=1.17, p=.12) showed a trending but non-
significant benefit, which may have resulted from a low difficulty ceiling that effectively 
reduced the variability of the data. Taken together, these results show a clear and reliable 
benefit of tDCS on Mind Frontiers performance and lend support to my first hypothesis. 
 
 
Figure 5.1 – Mind Frontiers training curves. Asterisks indicate a statistically significant 
difference (p ≤ 0.05). 
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Transfer 
Hypothesis 2 predicted that the active tDCS group would show enhanced transfer to 
untrained cognitive tasks compared to the sham tDCS group, particularly to the Gf 
construct. To test this hypothesis, I ran ANCOVAs on post-training performance, co-
varying for baseline performance at pre-training (Table 5.1). The true goal of transfer is 
not to improve performance on any single task but to make claims about the construct 
underlying the task (11). Analyzing the data in terms of constructs rather than individual 
task performance therefore provides a more meaningful description of the collected data. 
I analyzed performance at the construct level by calculating composite scores for each 
construct of interest (Gf, EF, WM, and EM). I standardized each measure by subtracting 
mean performance from subject scores and dividing this value by standard deviation 
(collapsed across groups). Standardized scores were then averaged according to their 
relevant construct: Gf (BOMAT correct trials, Letter Sets correct trials, and Number 
Series correct trials), EF (Keep Track recalled words, Garavan errors, and Stroop cost), 
WM (Reading Span, Rotation Span, and Symmetry Span correct trials), and EM (IFR 
Words recalled, IFR Words recalled delay, IFR Pictures recalled, IFR Pictures recalled 
delay, Paired Associates words recalled, and Paired Associates words recalled delay). 
This process was repeated for pre- and post-training scores.  
 
Construct 
Pre-Training Score Post-Training Score  
F  
value 
 
DF 
 
p  
value Active Sham  Active Sham 
Fluid 
Intelligence (Gf) 
M=0.113 
(SD=0.727) 
M=-0.087 
(SD=0.732) 
M=0.074 
(SD=0.748) 
M=-0.063 
(SD=0.757) 
0.037 1,116 0.849 
Executive 
Function (EF) 
M=-0.095 
(SD=0.515) 
M=0.093 
(SD=0.545) 
M=0.041 
(SD=0.547) 
M=-0.035 
(SD=0.522) 
2.65 1,118 0.106 
Working 
Memory (WM) 
M=0.074 
(SD=0.718) 
M=-0.98 
(SD=0.684) 
M=0.121 
(SD=0.819) 
M=-0.13 
(SD=0.636) 
0.177 1,119 0.675 
Episodic 
Memory (EM) 
M=-0.005 
(SD=0.636) 
M=-0.023 
(SD=0.615) 
M=0.03 
(SD=0.748) 
M=-0.045 
(SD=0.62) 
0.432 1,117 0.512 
Table 5.1 – Transfer battery composite score analysis results 
ANCOVA results of the composite scores revealed no statistically significant 
group difference in transfer from pre- to post-training. Similar task-level analyses were 
run (Table 5.2) and yielded similarly null results, with only 1 of the 15 showing a 
statistically significant group difference, though this difference would not stand up to 
correction for multiple comparisons. Such results provide no evidence for effects of HD-
tDCS on transfer and therefore fail to support my second hypothesis.
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    Table 5.2 – Transfer battery task-level analysis results
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Individual Differences 
 To investigate the effect of age on the effects of tDCS, I ran a group-by-age 
moderation analysis with average Mind Frontiers performance in the last training session 
as the dependent variable. These analyses revealed a significant group-by-age interaction 
for Riding Shotgun and Pen ‘Em Up (Table 5.2). The direction of the effect indicates that 
active tDCS enhanced Mind Frontiers performance on these games more for younger 
adults.  
Game 
 
Factor b Standard Error DF p value 
 
Sentry Duty 
Group 1.041 0.681 117 0.129 
Age 0.012 0.019 117 0.544 
Group * Age -0.029 0.027 117 0.288 
 
Riding Shotgun 
Group 1.893 0.751 117 0.013* 
Age -0.018 0.021 117 0.389 
Group * Age -0.061 0.03 117 0.044* 
 
Supply Run 
Group 1.206 1.241 117 0.333 
Age 0.051 0.034 117 0.152 
Group * Age -0.028 0.049 117 0.576 
 
Pen ‘Em Up 
Group 8.261 3.039 117 0.008* 
Age 0.114 0.087 117 0.189 
Group * Age -0.277 0.121 117 0.026* 
 
Irrigator 
Group 3.019 2.128 117 0.159 
Age -0.092 0.061 117 0.133 
Group * Age -0.093 0.085 117 0.277 
 
Ante Up 
Group 2.096 5.78 117 0.718 
Age -0.032 0.164 117 0.848 
Group * Age -0.024 0.23 117 0.916 
Table 5.3 – Moderation analysis results. Asterisks indicate a statistically significant 
difference (p ≤ 0.05). 
 To ensure the observed moderation effects were contributing meaningfully to the 
model, I added several other individual difference factors to the model for Riding 
Shotgun and Pen ‘Em Up: education level, baseline scores on Gf construct, grit, belief in 
the malleability of intelligence, and need for cognition. Grit was measured with the Grit 
Scale (118). Education level was reported as a factor ranging from 1 (some high school) 
to 5 (Master’s degree or higher). Belief in the malleability of intelligence was measured 
via the Implicit Theories of Intelligence Scale, and need for intelligence was assessed via 
the Need for Intelligence scale. The Gf construct proved to be a significant predictor of 
post-training performance on Riding Shotgun (b=0.224, t(113)=5.419, p<.001) and Pen 
‘Em Up (b=0.668, t(113)=3.765, p<.001), but the rest of the included variables did not 
(Table 5.4). Importantly, adding these extra factors did not diminish the age-by-group 
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interaction, demonstrating that the observed moderation effects are not attributable to 
education, fluid intelligence, or relevant personality factors.  
Game 
 
Factor b Standard Error DF p value 
 
 
 
Riding Shotgun 
 
Group 1.654 0.835 109 0.151 
Age 0.006 0.023 109 0.788 
Education Level 3 -0.523 0.433 109 0.222 
Education Level 4 -0.579 0.474 109 0.224 
Education Level 5 -0.652 0.47 109 0.168 
Grit -0.008 0.01 109 0.441 
Need for Cognition 0 0.002 109 0.691 
Theories of Intelligence -0.018 0.01 109 0.063 
Baseline Gf 0.224 0.041 109 <0.001* 
Group * Age -0.058 0.027 109 0.033* 
 
 
 
Pen ‘Em Up 
Group 7.43 2.90 109 0.012* 
Age 0.178 0.099 109 0.076 
Education Level 3 -1.162 1.874 109 0.536 
Education Level 4 -1.761 2.051 109 0.392 
Education Level 5 -1.08 2.033 109 0.596 
Grit -0.08 0.044 109 0.061 
Need for Cognition 0.006 0.009 109 0.51 
Theories of Intelligence -0.023 0.041 109 0.577 
Baseline Gf 0.624 0.179 109 <0.001* 
Group * Age -0.26 0.116 109 0.024* 
Table 5.4 – Expanded moderation analysis results. Asterisks indicate a statistically 
significant difference (p ≤ 0.05). 
An ANOVA was run comparing the model with and without these extra predictors, 
and statistically significant differences between the models were observed for both 
Riding Shotgun (F(113,117)=7.983, p<.001) and Pen ‘Em Up (F(113,117)=4.019, p=.004). This 
finding demonstrates that adding these extra predictors accounts for significantly more 
variance, without diminishing the moderating effect of group*age. These results suggest 
that Gf is an effective predictor of post-training performance on select Mind Frontiers 
games, and that the variance accounted for by this factor is distinct from the observed 
moderating effects of age on HD-tDCS. 
 
Vigilance 
To identify potential effects of tDCS on vigilance decrement, I ran one-tailed t-
tests on average difficulty on average Vigilance Decrement Scores for each game, 
comparing the active and sham tDCS groups (Table 5.5). Given that these were post-hoc 
analyses, p values were Bonferroni corrected to address the multiple comparisons 
problem. Corrected and non-corrected p values are both included in the results. 
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 Vigilance Decrement Score  
t value 
 
 
DF 
 
p value 
 
p value 
(adjusted) Active tDCS Sham tDCS 
Sentry Duty M=0.74 
(SD=0.18) 
M=0.792 
(SD=0.214) 
1.432 119 .077 0.473 
Irrigator M=0.515 
(SD=0.2) 
M=0.6 
(SD=0.198) 
2.387 119 .009* 0.056 
Ante Up M=0.818 
(SD=0.437) 
M=0.957 
(SD=0.528) 
1.56 119 .059 0.355 
Riding Shotgun M=1.57  
(SD=0.276) 
M=1.547 
(SD=0.353) 
- 0.399 119 0.655 1 
Supply Run M=0.74 
(SD=0.18) 
M=0.79 
(SD=0.21) 
1.82 119 .077 0.464 
Pen ‘Em Up M=11.07 
(SD=3.46) 
M=9.56 
(SD=4.17) 
2.15 119 0.3623 1 
Table 5.5 – Vigilance decrement analysis results. Asterisks indicate a statistically significant 
difference (p ≤ 0.05). 
Only one of the six Mind Frontiers games showed a statistically significant group 
difference in average Vigilance Decrement Score. Irrigator (t(119)=2.387, p=.009) showed 
a benefit of tDCS, with performance of the active tDCS group degrading less over the 
course of a session than the sham group. Three of the other games trended towards 
significance, as well. None of the observed effects stood up to Bonferroni correction for 
multiple comparisons, though Irrigator still trended towards statistical significance. 
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Chapter 6: Discussion 
The present work examined the effects of HD-tDCS on performance during 
cognitive training, as well as pre- to post-training improvements on untrained cognitive 
tasks. HD-tDCS reliably enhanced performance on the Mind Frontiers cognitive training 
game compared to sham, supporting my first hypothesis. The observed enhanced 
performance on the trained tasks, however, did not lead enhance transfer to untrained 
cognitive abilities at the construct level, providing little support for my second 
hypothesis. Age moderated the benefits of tDCS, with younger subjects showing more of 
a tDCS benefit than older subjects. Gf was found to be an effective predictor of post-
training score, accounting for unique variance unrelated to the age-by-group interaction. 
Personality factors were ineffective predictors of scores at post-training. A potential 
benefit of tDCS on vigilance decrement was observed as well, though this was a small 
effect.  
 
Enhanced Training vs. Transfer  
The observed results suggest that the chosen HD-tDCS montage modulated task-
specific networks so selectively that resulting changes in activation did not generalize to 
untrained skills. Such selectivity is, frankly, surprising, as reaching higher difficulty 
levels in the Mind Frontiers game relies on cognitive skills very closely related to those 
tested in the transfer battery. Sentry Duty, for example, is little more than a gamified dual 
n-back task with Wild West stimuli. Post-training, the active tDCS group reached an 
average difficulty of 3.04 and the passive group reached only 2.74. Such a difference is 
substantial given that it corresponds directly to the ‘n’ in ‘dual n-back’ and performance 
on dual n-back tasks has been shown to correlate with performance on Gf and WM tasks 
(10). Given this close relation, one would expect improvements to the cognitive ability 
underlying one task to transfer to the other. Enhancing Sentry Duty performance without 
enhancing performance to untrained tests of WM and Gf suggests incredibly task-specific 
benefits of tDCS. The lack of transfer effects despite training effects raises serious 
questions about the distinction between training and transfer. 
One possible explanation is that HD-tDCS facilitated the development of task-
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specific strategies rather than the actual underlying cognitive skills, but this is unlikely 
considering the cognitive demands of the trained tasks: strategies absolutely contribute to 
performance, but they only go so far in an adaptively difficult dual n-back task like 
Sentry Duty. Another possible explanation is that there were group differences in 
baseline ability, leading to enhanced post-training. Unfortunately, this explanation cannot 
be directly tested, given that tDCS was administered in the first Mind Frontiers session so 
there is no baseline Mind Frontiers score available. Gf proved to be an effective proxy for 
baseline Mind Frontiers score in the individual differences analyses, but no statistically 
significant group differences in baseline Gf were found (at either the construct or the task 
level). The lack of group differences in pre-training Gf does not support an alternative 
explanation in terms of baseline differences.  
Several studies have shown that specific training strategies can enhance 
performance during training without enhancing transfer to untrained tasks (13,137), 
lending support to the distinction between training and transfer. Ours is not the first 
project to demonstrate that tDCS can enhance training performance without enhancing 
transfer. Richmond et al. (51) had subjects complete ten 30-minute training sessions with 
a verbal and spatial span task while they received active or sham tDCS with a bilateral 
prefrontal montage (anode on F3 and cathode on F4). Comparing the active and sham 
tDCS groups, the authors found significantly enhanced performance on the verbal span 
task. When looking at transfer to near and far transfer tasks, however, no statistically 
significant difference was found between the active and sham groups.  
The cognitive training literature has long struggled with the issue of transfer 
(11,25,26,125,138). Clarifying the difference between trained task performance and 
transfer helps shed light on this hotly debated subject. It has been shown that transfer 
from training relies on overlapping processing components and brain regions between the 
trained and untrained skills (9), and there is some evidence that trained task performance 
predicts transfer to untrained tasks (18). Such a connection makes intuitive sense: if two 
tasks share cognitive and neural demands, then it follows that improvements on one 
would lead to improvements on the other. Our results, however, demonstrate that the 
acute changes in brain activation following tDCS are insufficient to enhance transfer. 
Enhanced cognitive performance following tDCS appears to be limited to the trained 
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task. Based on these findings, it appears as if enhanced training performance is necessary 
but not sufficient for enhanced transfer.  
 
Individual Differences 
Individual differences analyses revealed that age moderated the influence of the 
HD-tDCS group (active vs. sham) on Mind Frontiers improvement for Pen ‘Em Up and 
Riding Shotgun. The direction of this effect suggests that HD-tDCS enhanced Mind 
Frontiers performance for younger participants more than for older participants, which is 
the first evidence to date of age-related behavioral differences, within a restricted age 
rang of young and young middle-aged adults, following HD-tDCS. The effects of age on 
the neuromodulatory effects of HD-tDCS are relatively unknown, but previous research 
demonstrates that excitability enhancements following anodal tDCS is delayed in older 
relative to younger participants (83). Given the length of the Mind Frontiers training 
sessions (70 minutes), it is possible that enhancements in prefrontal firing rates may have 
taken effect too late in training sessions to influence performance. Such a delay in 
enhanced excitability would account for the observed moderating effects of age.  
The observed group-by-age interaction persisted when personality variables and 
baseline Gf were added to the model. In fact, this interaction grew stronger with these 
additional factors (Table 5.3), lending support to the reliability of the observed effects. Gf 
was found to be an effective predictor of post-training Mind Frontiers score for both 
Riding Shotgun and Pen ‘Em Up. Such a finding is unsurprising given the cognitive 
demands of the Mind Frontiers games and the shared variance such demands have with 
Gf. Riding Shotgun is a fairly pure measure of working memory span and Pen ‘Em Up 
relies on both WM and task-switching, a key component of EF (103). Gf has been shown 
to be closely related to both WM (34) and EF (31), so one would expect a high baseline 
level of Gf to predict high performance on the Mind Frontiers games. Personality factors 
did not meaningfully contribute to the model. Their inclusion in the model was largely 
exploratory, and their ineffectiveness in predicting post-training Mind Frontiers 
performance serves only to eliminate a potential additional source of variability.  
While individual differences in demographic variables, baseline skill, and 
personality have been addressed in this paper, differences in neuroanatomy have not. The 
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neuromodulatory effects of HD-tDCS depend strongly on the orientation of somato-
dendritic axes with respect to the electric field (139), which means minor variations in 
brain structure can lead to different current flow and density patterns even within healthy 
populations (140,141). Kim et al. (87) had participants complete a 3-back verbal working 
memory task after receiving tDCS with a prefrontal montage (anode over F3, cathode 
over right supraorbital ridge). They found that subjects whose task performance was 
enhanced post-stimulation showed higher current density at the F3 electrode site, 
demonstrating the important role of current density in behavioral outcomes. Tailoring the 
HD-tDCS montage and dosage to each subject may therefore result in more targeted and 
effective stimulation. Future work should investigate the usefulness of individualized 
montages to clarify how individual differences in brain structure influence the efficacy of 
HD-tDCS. 
 
tDCS and Vigilance 
 tDCS has demonstrated promise for combating vigilance decrement when 
performing lengthy, attentionally demanding tasks. Specifically, anodal tDCS over F3 
has been effectively used to preserve within-session performance compared to sham 
(95,94). Given that the tDCS montage used in INSIGHT included an anode over F3, I 
calculated Vigilance Decrement Scores for each game and compared performance 
between the active and sham groups. Results trended towards a benefit of tDCS, with the 
active tDCS group’s performance degrading less within sessions than that of the sham 
group. The observed results did not, however, stand up to correction for multiple 
comparisons. 
 The goal of this analysis was to determine whether observed benefits of tDCS on 
online (during stimulation) performance can be attributed to an acute effect. Indeed, the 
finding that tDCS enhanced training but not transfer would be consistent with acute 
effects; the Mind Frontiers sessions were separated from the pre- and post-training 
neuropsychological testing sessions by at least 24 hours, more than enough time for the 
neuromodulatory effects of tDCS to wash out (43). The observed results lend some 
support to the usefulness of tDCS in combating vigilance decrement but are too weak to 
draw any firm conclusions. Vigilance decrement may be responsible for some of the 
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observed benefits of tDCS, but the only way to definitively distinguish between acute and 
longitudinal benefits of tDCS would have been to conduct follow-up Mind Frontiers 
testing in a separate post-training session, in the absence of stimulation. Sadly, 
compromises must be made when planning such a large-scale study and methodological 
hindsight is 20-20, so no such follow-up Mind Frontiers testing was done. 
 Potential vigilance effects following anodal tDCS to F3 has broad implications for 
the field of tDCS research. F3 is one of the most commonly used stimulation locations in 
the tDCS literature, particularly for influencing cognitive abilities such as working 
memory and executive function (14). It is common practice for cognitive assessments to 
last upwards of 30 minutes, and many are not specifically designed to be engaging for 
such an extended period. Some of the benefits of tDCS in the literature observed 
following anodal stimulation of F3 may be attributable to tDCS ameliorating vigilance 
decrement. Researchers can avoid this worrying possibility by conducting follow-up 
testing or by using multiple stimulation sites. Stimulating a cortical region unrelated to 
vigilance, such as M1, would make it possible to rule out potential vigilance effects. 
 
Conclusions 
 tDCS experienced a massive resurgence in popularity (7) in the early 2000s, 
leading many to believe it was a silver bullet for cognitive enhancement that could 
improve any skill you threw it at. Over time, the limitations of this technology have been 
gradually uncovered, such as targeting functionally relevant regions(14,49) and specific 
stages of skill acquisition (45). Repeated null findings and conflicting results culminated 
in a scathing meta-review that concluded there were no cognitive effects of single-session 
tDCS (142). While such a claim is too broad and fails to take into account the differences 
in stimulation protocol (stimulation intensity, duration, and location) across the sampled 
studies, it effectively summarizes the crisis of confidence in tDCS right now. I propose 
that tDCS is an effective neuromodulatory tool but, like any tool, it must be used 
correctly in order to be effective.  
My dissertation work clarifies the effective limits of noninvasive brain stimulation 
in two meaningful ways. First, appears to simply be better at training specific skills than 
generalizable ones. Second, tDCS is a more effective neuromodulatory tool for young 
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subjects than for old. The observed results support the use of HD-tDCS to enhance 
specific cognitive skills but lend little support to the use of HD-tDCS in enhancing 
transfer of cognitive training. Such results should not be taken as discounting the 
usefulness of tDCS. Enhancing cognitive skills — even acutely — is nothing to scoff at, 
and such selective neuromodulatory effects may even speak to the potential usefulness of 
HD-tDCS as a tool for enhancing specific skills. If we wish to use noninvasive brain 
stimulation in real-world settings, we must understand the degree to which enhancing 
expect performance in a training environment leads to generalizable improvements. We 
should embrace the limited scope of tDCS and continue to explore its usefulness as a way 
of enhancing performance. 
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